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A pre-design parameter, system efﬁciency (SE) was modeled for
operations with water recovery rate through cell pairs (WRRTC)
40.5. The variables for equation were validated with data from a
pilot scale study of electrodialysis reversal (EDR). The correlation
between experimental and predicted SE are good at overall R2
0.924 with signiﬁcant p 0.000. System efﬁciency-to-polarization
degree ratio is inversely linear with demineralization, WRRTC, and
polarization degree (PD). The most sensitive operational para-
meter was found to be PD. The sustainable efﬁcient zones for PD,
WRRTC, and demineralization were found to be 1040–1315 (A/m2)
(L/eq), 0.57–0.67, and 62–90%. By operating EDR in this zone,
8–15% of energy consumption and CO2 emission were saved.
Published by Elsevier B.V. This is an open access article under the
CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/3.0/).1. Introduction
Electrodialysis reversal (EDR) is made up of a series of cell pairs. One cell pair contains each
channel of diluate and concentrate streams partitioning by a cation-ion-exchange membrane followed
by the ﬁrst spacer, an anion-ion-exchange membrane, and the second spacer. A spacer exists between
each cation- and anion-exchange-membrane. The feed water is fed into both diluate and concentrate
stream. Cations (anions) in the diluate stream permeate into the concentrate stream through theen access article under the CC BY-NC-ND license
/).
Nomenclature
a, b, c, d variables for Eq. (2)
Aewampf effective surface area of anion-
exchange membrane parallel to the
ﬂow, m2
Aewcmpf effective surface area of cation-
exchange membrane parallel to the
ﬂow, m2
Demi demineralization degree, %
i current density resulted from
applied voltage, A/m2
i/Ndavg polarization degree (PD), (A/m2)
(L/eq)
Ndavg average of dissolved ions main-
tained in dilute stream from inlet
to outlet, eq/L
Qone cell ﬂow rate in one cell pair, L/h
SE system efﬁciency, L meq/(s2 A m2)
WRRTC water recovery rate through cell
pairs, fraction or no unit
M.T. Myint / Water Resources and Industry 5 (2014) 36–48 37cation-(anion)-ion-exchange membrane from inﬂuent to efﬂuent by attraction of direct-current. The
efﬁciency of ionic permeation through the ion-exchange-membrane (IEM) is based on both
physicochemical properties of the membranes used and hydrodynamic conditions and coupling
between the ionic transferring area in and out of membrane [1,2,3].
The higher demineralization percentage, scalability, and ion controllability are advantages of EDR.
The existing ion-exchange membranes used in ED have 96–99% ion selectivity and resulted in only
5% of the total voltage drop of the entire system. Therefore, it is difﬁcult to achieve any further
improvement of the ED process [4,5] from IEM, but likely from other areas, ion-transport through
solvent and membranes, efﬁcient operating zones, etc.
1.1. Efﬁciency of EDR desalination with the higher water recovery rate and demineralization
It is inaccurate to attempt to increase the efﬁciency by increasing the water recovery rate and
demineralization. The higher the water recovery rate and demineralization operate, the higher is the
ions concentrate in the concentrate stream and the longer mean-ion-residence time in concentrate
stream [6]. At these conditions, one or more ion species have more opportunity to dissolve in
supersaturated solubility and precipitate as scaling on the surface of the membrane [7]. Scaling
decreases the product water ﬂow rate and percentage of demineralization, damages and shortens the
life of membrane system, and increases operating and maintenance costs [8,9]. Although CaCO3, and
CaSO4 2H2O are normally found in scaling, BaSO4, SrSO4, Ca3(PO4)2 and ferric and aluminum
hydroxides are also potentially deposited as scaling [7,10,11]. Frequent chemical cleaning, extensive
pretreatment, and replacement of membrane are recommended to minimize these deleterious effects.
Frequent chemical dosing declines the membrane integrity and reduces the life-span of the
membrane [3]. Extensive pretreatment and replacement of the membrane increase the operational
cost. The other option is to operate EDR in the efﬁcient zone. A model or pre-design parameter,
therefore, might be needed to predict the most efﬁcient operating conditions for low energy and high
efﬁcient ions removal rate per effective surface area of the membrane. The most efﬁcient operating
zones of polarization degree, demineralization, and water recovery rate through cell pairs (WRRTC) is
the preliminary objective of this article.
1.2. System efﬁciency and polarization degree
Concentration polarization at the surface of an IEM controls the efﬁciency of EDR [12]. Davis and
Brockman [13] mathematically deﬁned polarization as i/Nln where i is the current density applied
and Nln is log-mean concentration along the ﬂow path between inﬂuent and efﬂuent. Davis and
Brockman [13] used concentration polarization degree to evaluate the performance of the different
feed ions concentration in the same apparatus. System efﬁciency (SE) is deﬁned as product output
divided by input materials. Outputs in EDR are volume of product water produced and mass of ion
desalinated rates. Inputs are effective surface area of membrane cell pairs and current resulted from
Fig. 1. (a) Ionics-GE stack conﬁguration containing four hydraulic stages and two electrical stages as //40þ35//40þ35//.
(b). Dimensions of Mark IV-2 spacer from Ionics-GE. (c) Flow balance diagram through EDR. L/m means litre per minute.
M.T. Myint / Water Resources and Industry 5 (2014) 36–4838constant voltage applied. SE is reported as a function of demineralization and polarization degree, PD
(¼ i/Ndavg). Since EDR was designed to operate at WRRTC450% by Ionics, the ultimate purpose of this
article is to develop a model to predict and validate SE in different WRRTC (450%) with data from
pilot scale study using natural brackish groundwater, and establish the sustainable efﬁcient operating
zones of PD, WRRTC, and demineralization for the maximal ion removal rate per effective surface area
of cell pair.
Table 1
Design of experiment in pilot scale study.
Pilot scale tests Flows in stream of WRRTC Electric stage 1 Electric stage 2
Feed L/m Conc L/m Dilute L/m Prod L/m Fraction Voltage (V) Current (A) Voltage (V) Current (A)
1 49.2 18.9 29.1 25.3 0.525 17.8 3.1 17.0 2.2
2 45.8 13.2 28.8 24.9 0.593 17.8 3.2 17.0 2.2
3 38.6 7.4 28.4 24.6 0.688 17.8 3.3 16.9 2.2
4 37.9 2.6 28.4 24.6 0.793 17.8 4.9 16.9 3.7
5 49.2 18.9 29.1 24.5 0.510 35.1 6.0 34.6 2.5
6 44.7 13.2 28.4 23.4 0.561 32.6 6.2 34.6 2.6
7 38.6 7.4 28.4 23.6 0.660 35.1 6.3 34.6 2.2
8 34.1 2.3 28.4 23.1 0.755 35.1 6.5 34.5 2.2
9 49.2 18.9 29.1 24.3 0.505 52.5 7.9 52.3 1.5
10 45.0 13.6 28.4 23.1 0.550 52.5 8.1 52.2 1.7
11 39.7 7.8 28.4 23.4 0.648 52.5 8.1 52.3 1.4
12 34.1 2.6 28.0 22.2 0.723 52.4 8.3 52.3 1.3
L/m¼ liter per minute.
Conc¼concentrate stream.
Dilu in¼sampling port which is at the inﬂuent of dilute stream.
Dilu m¼sampling port which is in the middle of dilute stream.
Dilu out¼sampling port which is at the efﬂuent of dilute stream.
Prod¼product ﬂow after deducted the off-spect product ﬂow.
WRRTC¼water recovery rate through cell pairs.
WRRTC¼product ﬂow/(conc ﬂowþdilute ﬂow).
Table 2
Composition of feed water.
Dissolved ions Average Stdev
Kþ (eq/L) 0.00016 0.00000
Naþ (eq/L) 0.01478 0.00064
Ca2þ (eq/L) 0.00288 0.00008
Mg2þ (eq/L) 0.00120 0.00004
Sr2þ (eq/L) 0.00004 0.00000
Cl (eq/L) 0.00102 0.00003
HCO3 (eq/L) 0.00325 0.00003
SO42 (eq/L) 0.01335 0.00039
Sum cation (eq/L) 0.01905 0.00075
Sum anion (eq/L) 0.01763 0.00037
TDS (eq/L) 0.01834 0.00054
Water samples (average of four) fromWell 1 of BGNDRF
at May 20–21, 2010.
M.T. Myint / Water Resources and Industry 5 (2014) 36–48 392. Method
Pilot scale studies were performed with GE-Ionics Aquamite 3-1-4 EDR//40þ35//35þ40// with
four hydraulic stages and two electrical stages as shown in Fig. 1a. CR67 HMR–V010698 cation
exchange membrane, AR204 SZRA–B09708A anion exchange membrane, and Mark IV-2 spacer
(Fig. 1b) supplied by General Electric were installed in EDR. The feed water line was a composite of a
multi-media sand ﬁlter and two numbers of 10 μm cartridge ﬁlters as minimum pre-treatment before
brackish groundwater was pumped through the membranes. The feed, concentrate, and product
water ﬂow rates were measured by ﬂoating ﬂow meters (model 7331363090W, King instrument
company). The conductivity and temperature of feed, concentrate, and product water were measured
with a Hach Sension5 (USA) conductivity/temperature meter. The applied voltage and consequent
current in the membrane stack were measured from the cathode and anode electrodes manually for
each test operation with Fluke 115 multimeter for direct-current and voltage. The studies were
Table 3
Resulted model equation and its value of variables a, b, c, d.
Pilot scale
tests
Concentration in stream of Demineralization WRRTC Fitted, veriﬁed, and validated coefﬁcients
Dilu in
eq/L
Dilu m
eq/L
Dilu out
eq/L
(%) Fraction a b c d
1 0.0179 0.0125 0.0081 60.9 0.525 0.0212 0.000095 0.0000200 0.000000047
2 0.0179 0.0122 0.0078 62.3 0.593 0.0212 0.000095 0.0000200 0.000000047
3 0.0179 0.0120 0.0075 63.7 0.688 0.0212 0.000095 0.0000200 0.000000047
4 0.0179 0.0130 0.0090 56.3 0.793 0.0212 0.000095 0.0000200 0.000000047
5 0.0179 0.0063 0.0015 92.8 0.510 0.0240 0.000110 0.0000200 0.000000100
6 0.0179 0.0061 0.0016 92.6 0.561 0.0240 0.000110 0.0000200 0.000000100
7 0.0179 0.0050 0.0015 93.0 0.660 0.0240 0.000110 0.0000200 0.000000100
8 0.0179 0.0051 0.0015 93.1 0.755 0.0240 0.000110 0.0000200 0.000000100
9 0.0179 0.0023 0.0002 98.9 0.505 0.0202 0.000110 0.0000234 0.000000165
10 0.0179 0.0025 0.0003 98.7 0.550 0.0202 0.000110 0.0000234 0.000000165
11 0.0179 0.0020 0.0002 99.0 0.648 0.0202 0.000110 0.0000234 0.000000165
12 0.0179 0.0018 0.0003 98.8 0.723 0.0202 0.000110 0.0000234 0.000000165
Dilu in ¼ sampling port which is at the inﬂuent of dilute stream. Dilu m ¼ sampling port which is in the middle of dilute
stream. Dilu out ¼ sampling port which is at the efﬂuent of dilute stream. SE¼[(0.000075 Demi)þ(a-b Demi) WRRTC ]-[{(c-d
Demi ) WRRTC} i/Ndavg].
SE¼system efﬁciency, L meq/(s2 m2 A).
WRRTC¼water recovery rate through cell pairs, fraction.
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Fig. 2. System efﬁciency among polarization degree and demineralization.
M.T. Myint / Water Resources and Industry 5 (2014) 36–4840operated with a different constant voltage mode in each experiment. The elemental chemical
composition of water samples were analyzed by General Electric's Water & Process Technologies
division.
M.T. Myint / Water Resources and Industry 5 (2014) 36–48 41A total of twelve tests were tested. The tests were operated in four different groups of WRRTC.
In each group of WRRTC, three different tests with three different voltage potentials were investigated
in the same brackish groundwater as feed (TDS 0.0179 eq/L, stdev 0.0001), the same temperature in
feed water 25.4 1C, stdev 0.37, and the same speciﬁc diluate ﬂow rate 71.9 L/(h m2). The main function
of IEM is that ions are transferring through the effective surface area of both anion‐ and cation-
exchange membrane along the ﬂow path. The speciﬁc diluate ﬂow rate is deﬁned as diluate ﬂow rate
in one cell diluate pair (Qone.diluate.cell) divided by effective surface areas of both anion and cation
membranes (AewampfþAewcmpf) in one cell which is parallel to the water ﬂow as shown in Eq. (1).
Specific dilute flow rate¼Qone:diluate:cell=ðAewampf þAewcmpf Þ ð1Þ
Details of the design of the experiment in the pilot scale study are shown in Table 1. Model equation
and its coefﬁcients are ﬁtted, veriﬁed, and validated by curve ﬁtting deterministically [14,15,16] with
observed pilot scale data. To narrow the gap between lab and ﬁeld scale studies, natural brackish
groundwater was tested in the pilot scales studies for all the tests [17]. The composition of feed water
is shown in Table 2. EDR is designed by Ionics-GE to switch polarity between positive and negative
polarity cycle and to change the streams between diluate and concentrate alternatively to clean out
the ion fouling on the surface of the membrane which faces the concentrate stream. The polarity
switching interval was set for 15 min in the study. In this study, only data from negative polarity were
collected for the analysis. Flow diagram of EDR is shown in Fig. 1c. The current resulted and
conductivity maintained ranges in each test are shown in Table 3.3. Results
The model equation was found to be as Eq. (2) from our studies by curve ﬁtting to data from pilot
scale studies to predict SE, since SE is a function of demineralization degree (Demi), WRRTC, and PD.
SE¼ ½ð0:000075 DemiÞþða–b DemiÞWRRTC–½fðc–d DemiÞWRRTCgi=Ndavg ð2Þ
where, i is the current density observed, A/m2, Ndavg the average of dissolved ions concentration
maintained from inﬂuent to efﬂuent in diluate, eq/L, Demi the demineralization, %, WRRTC the water
recovery rate through cell pairs, fraction, SE the system efﬁciency, L meq/(s2 A m2) and i/Ndavg the
polarization degree (PD), (A/m2)(L/eq).
The values of a, b, c, and d were generated from the model. These values are shown in Table 3. The
relation among SE, PD, demineralization, and WRRTC are shown in Fig. 2. Correlation of SE between
measured and predicted data is shown in Fig. 3. The relation between system efﬁciency-to-
polarization degree versus demineralization is shown in Fig. 4. System efﬁciency-to-polarization
degree against WRRTC and polarization degree are shown in Figs. 5 and 6, respectively. Sensitivity0.002
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M.T. Myint / Water Resources and Industry 5 (2014) 36–4842analyses of SE to constant parameter 0.000075 and variables a, b, c, and d are shown in Fig. 7.
Sustainable efﬁcient operating zones for PD, demineralization, and WRRTC are shown in Figs. 8 and 9.
Figs. 8 and 9 also include energy consumption and CO2 emission saving from the sustainable efﬁcient
operating zones.4. Discussion
Fig. 2 shows SE decreased linearly with PD in each degree of demineralization. SE also decreased
with increasing degree of demineralization. Demineralization increased with increase of PD. WRRTC is
inversely linear with SE, especially in the range of PD 636 to 1006 (A/m2) (L/eq). SE decreased with the
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Fig. 6. System efﬁciency-to-polarization degree ratio versus polarization degree.
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M.T. Myint / Water Resources and Industry 5 (2014) 36–48 43increasing of PD, demineralization, and WRRTC, simultaneously. EDR should be operated at the lower
PD, lower demineralization, and lower WWRTC as much as possible to achieve the highest SE and
concurrently to achieve allowable drinking water quality.
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M.T. Myint / Water Resources and Industry 5 (2014) 36–4844The correlation between experimental and predicted SE using the developed coefﬁcients
are good at R2 0.984; 0.827; 0.926; and 0.924 with signiﬁcant p 0.008; 0.091; 0.038; and 0.000
in ﬁtting, validating, verifying and overall, respectively, as shown in Fig. 3. These values of R2
and signiﬁcant p conﬁrm that the correlation between predicted and observed values is very
strong [18].
If the data point of test 4 is excluded as an out-layer in Fig. 4, the slope of (SE/PD)
decreased linearly with increasing demineralization with quality of ﬁt R2 0.989 as shown
in Fig. 4.
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M.T. Myint / Water Resources and Industry 5 (2014) 36–48 454.1. System efﬁciency-to-polarization degree
System efﬁciency-to-polarization degree is inversely linear with demineralization degree,
WRRTC, and polarization degree as shown in Figs. 4, 5, and 6, respectively. Fig. 5 shows system
efﬁciency-to-polarization degree is inversely proportional to WRRTC which depended upon the
different range of polarization degree. The higher the polarization degree, the lower is the system
efﬁciency-to-polarization degree. To gain a higher system efﬁciency-to-polarization degree, EDR
M.T. Myint / Water Resources and Industry 5 (2014) 36–4846operation is required to be operated at lower demineralization degree, lower WRRTC, and lower
polarization degree as much as possible at the same time to produce water quality product from
efﬂuent.
4.2. Developed coefﬁcients a, b, c, and d
Equation (2) contains one constant (0.000075) and four variables a, b, c, and d to predict SE. From
Equation (2), one can conclude that demineralization is related to variable b through combination of
WRRTC and related to variable d through combination of WRRTC and i/Ndavg. Constant 0.000075 is
also related to demineralization. Among four variables, only variable a is related to WRRTC while
variable b is related to demineralization and WRRTC. Variable c is related to only i/Ndavg while variable
d is related to combination of demineralization, WRRTC, and i/Ndavg.
A sensitivity analysis exercise was conducted to identify the most sensitive variables in the relation
between SE and PD. For each of constant (0.000075) and the four variables, nine values were selected
over a typical range, and nine simulations were run at each of those values to generate nine SE
proﬁles. The nine proﬁles were combined to generate a mean proﬁle with a spread of one standard
deviation. A compilation of these mean proﬁles for each of the constant and the four variables is
presented in Fig. 7a–e along with the measured SE data from the tests. These plots indicate that the
constant and variable b are the least sensitive parameters as shown in Fig. 7a and c. These plots also
indicate that the variable c to be highly sensitive followed by the variables d and a, to a lesser extent as
shown in Fig. 7d, e, and b, respectively. Variable c related to only PD (Eq. (2)), and PD is the most
sensitive operation parameter. Since variable d is the second-most sensitive variable and related to
combination of PD, demineralization and WRRTC, WRRTC is the second-most sensitive operational
parameter.
4.3. Large standard deviation in ﬁg. 7
The sensitivity analysis shows the larger standard deviations occur at the operations of the larger
values of PD 41359 (A/m2)(L/eq) for constant 0.00075, variables a, b, c, and d as shown in Fig. 7a–e.
The larger the standard deviations, the higher sensitivities are, or vice versa.
The pilot scale studies were operated at 60.9%, 62.3%, 63.7%, 56.3%, 92.8%, 92.6%, 93.0%, 93.1%,
98.9%, 98.7%, 99.0%, 98.8% demineralization in tests 1 to 12, respectively, as shown in Table 3 and
Fig. 7. Fig. 7d shows that the ﬁrst, second, third, fourth, sixth and seventh highest standard deviated
operations occurred at tests 12, 11, 10, 8, 9, and 7 in the sensitivity analysis of parameter c. Fig. 7e
shows that the ﬁfth highest standard deviated operations occurred at tests 12 in the sensitivity
analysis of parameter d. Fig. 7b shows that the eighth highest standard deviated operations occurred
at tests 9 in the sensitivity analysis of parameter a. The tests 7 to 12 are the most sensitive tests which
operated at the highest demineralization from 93.0 to 99.0% (Fig. 4 and Table 3) and the highest PD
(Fig. 7). These most sensitive tests were symbolized as ﬁlled triangles in Figs. 8 and 9, while the
remaining tests from 1 to 6 were deﬁned as non-sensitive testing conditions which were symbolized
as the empty circles in Figs. 8 and 9. These most sensitive tests also occurred at the largest value of
(PD) (WRRTC) and the largest value of (Demineralization) (WRRTC) as shown in Figs. 9g and h.
4.4. Efﬁcient operating zones
Figs. 8 and 9 show non-sensitive and sensitive test operating conditions. Fig. 8a and b shows non-
sensitive and sensitive test operating conditions with TDS in product stream in the Y-axis. Fig. 8c
and d show non-sensitive and sensitive test operating conditions with the SE in the Y-axis. The X-axis
of Fig. 8a, c, e, and g shows PD while the X-axis of Fig. 8b, d, f, and h shows demineralization. The low
range of sustainable efﬁcient zones for PD and demineralization was predicted from PD and
demineralization which produced 600 mg/L TDS in product as shown in Fig. 8a and b. The maximum
allowable TDS in drinking water is 1000 mg/L as deﬁned in the drinking water guidelines from
WHO [19]. To be conservative, we used 600 mg/L TDS as the maximum allowable level as shown in
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resulted lower SE and higher PD as shown in Fig. 8c and d. The non-sensitive test provided lower
power consumption, lower CO2 emission, and lower PD while the sensitive tests resulted in higher
power consumption, higher CO2 emission, and higher PD as shown in Fig. 8e to h. The high range of
sustainable efﬁcient zones for PD and demineralization was predicted from PD and demineralization
just before sensitivity occurred as shown in Fig. 8c and d. The tests have to operate at PD 1040–1315
(A/m2)(L/eq) for low power consumption, low CO2 emission, higher SE, and 600 mg/L of TDS in
product stream; this range of PD is deﬁned as the sustainable efﬁcient operating zone as shown in
Fig. 8c, e, and g. Similarly, the sustainable efﬁcient operating zone for demineralization is 62–90% as
shown in Fig. 8d, f, and h.4.5. Sustainable efﬁcient operating zone of WRRTC
Sustainable efﬁcient operating zone of WRRTC was predicted from two methods from which an
overlap range of values was selected. The ﬁrst method was calculated from sustainable efﬁcient
operating zones of (PD)(WRRTC) and PD as shown in Fig. 8a, c, e, and g. The second method was
calculated from sustainable efﬁcient operating zones of (demineralization WRRTC) and demineraliza-
tion as shown in Fig. 8b, d, f, and h. Sustainable efﬁcient operating zones of (PD WRRTC) and
(demineralization WRRTC) are shown in Fig. 8c to f as higher SE, lower power usage, lower CO2
generation, and lower PD. The values in the range of 0.57–0.67 was predicted as the sustainable
efﬁcient operating zone for WRRTC from (PDWRRTC)/(PD) in the ﬁrst method. The values in the range
0.56–0.76 was predicted as the sustainable efﬁcient operating zone for WRRTC from (demineralization
WRRTC)/(PD) in the second method. The intersected values in the range 0.57–0.67 fraction were
selected as the sustainable efﬁcient operating zone for WRRTC as shown in Fig. 9.4.6. Saving energy use and CO2 emission
Fig. 8e, 8f, 9e, and 9f show that operations at higher PD, higher demineralization, and higher
WRRTC resulted in higher power use and higher CO2 generation with lower SE. Fig. 8e shows power
consumption for tests operated at PD 1040 and 1379 (A/m2 L/eq) were 0.0085 and 0.00975 Wh2/
(L eq), respectively. The tests operated at PD 1040 and 1379 (A/m2 L/eq) were at the low and just after
high ends of the sustainable efﬁcient operating zone, respectively. A saving of 8 to 15% energy use and
CO2 emission were achieved from tests operated within the low and high ends of the sustainable
efﬁcient zone as shown in Fig. 8g, 8h, 9g, and 9h. Test 7 was the test operated at the high end range of
the sustainable efﬁcient zone and at the beginning of the sensitive zone.5. Conclusion
The equation to pre-design parameter for EDR process was updated into WRRTC40.5, and the
coefﬁcients for equation were ﬁtted, veriﬁed, and validated with data from a pilot scale study by
using natural brackish groundwater for speciﬁc dilute ﬂow rate 71.9 L/(h m2). The ﬁtted, veriﬁed,
validated, and over all correlation R2 (0.984; 0.827; 0.926; and 0.924, respectively) with signiﬁcant
p (0.008; 0.091; 0.038; and 0.000) are very strong. SE-to-PD ratio is inversely linear with
demineralization degree. The sustainable efﬁcient operating zones for PD, WRRTC, and demineraliza-
tion were found to be in the range of 1040–1315 (A/m2)(L/eq), 0.57–0.67 and 62–90%. The most
sensitive sustainable operating parameter was found to be PD, followed by WRRTC to a lesser extent.
If the operation is performed in the sustainable efﬁcient zone, 8–15% of energy use and CO2 emission
were saved.
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